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ARIA requeeted RAC aselatance in a prellinlnary inveatigatlon 
♦« a^SMlnTfeasmilty of a ayatem to incapacitate a peraon 
^l^S^J irttTa iSSd material, tte Uquid ahouM be projected 
TTZ^ ^iS^ rSge of thirty (30) feet vi^^ ^^^^^"^ 
IccurJS S avoid affecting other peraona cloae Iv- IjQ 
projector ahould be small and Ughtwight 'O aa to be 
!«^i*a bv an individvtal and ahould present no hazard to the 
l^tor^ Sli^suSequently passed the problem to BAG under Contract 

Thia paper addreasea itaelf to the baaic feaaibility 
inveatigation. 



George A. Martinez 
Chief, Advanced Technology 
Divlsion 
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Fort Cetrl* «Jf«?f ' ^^U^JS^S' th. Po.i Omc 

Table 1 sunnnarizea, qualitatively, the ""^^^^Ji "^J^ly 
I \Tt* liata the materials Vbieh were most prominently 
i^^tlo^S S?Jhe J^xiifs eS^x:; and tabulates the characteristics 
TfliSl-tJilal in terms of the relevant parameters. 

l„S%r fs"a STrcr ^olM'c:^^^^^^ a 

SSri;i.S'Lp:S«fs/Jn:., and is sold in an aerosol-can 
dispenser. 

jtaMonl. le ta<«n to *. » l^^trtlw «t«i^ .nj » ln=l»««« 
becKiiTlt «. the Bftrtmc. -.rt fl.«!»ntly »iigge»te4. 

coDiple'teneBs • 

TO substantiate the characteristics of the ^^^^f " 
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The Initial phase of this project centered on obtaining 
information on available fluid projectors. To this end, a 
variety of toy wter pistols was purchased and a patent search 
vas conducted. The patents revealed no significant changes or 
additions to i^at could be learned from commercially available 
pistols. Some designs were uncovered dealing vith pistols de* 
signed as fire extinguishers, but these did not differ in any 
flmdanental my from the toys. 

The vater pistols were used vith both vater and li^^t mineral 
oil and the effective range and shot dispersion for each pistol- 
llqiuid combination was established. The maximum effective ranges 
achieved were about 20 feet and, at that distance, the liquid 
stream ms dispersed well beyond the limit of 12 inches. On the 
basis of these tests, it was deterained that ordinary water 
pistols are not acceptable weapons. 

The next attempt involved modified commercial CO2 pistols 
lAilch are made to fire a .22 caliber slug. Fbur such weapons were 
purchased and their operating principles analyzed. Two of the 
guns were modified so that the expanding gas vould drive a piston, 
in turn expelling the liq:uld through a commercial nozzle. Tested 
in the same way as the boy pistols, the CO2 devices showed rela- 
tively improved perfoxmancc but the stream characteristics were 
poor in both range and dispersion. !nie most significant conclusion 
dram from tests vith the CO2 pistols was that the nozzle would re« 
quire careful design if the desired range and dispersion were to 
be achieved. It was recognized that an experimental apparatus was 
required with vhich the various operating parameters (pressure, 
liquid variables, nozzle configuration, etc.) could be separated. 

A hi£^ pressure ccmlster vas constructed so that it could be 
filled vith the test liquid and it included a standard fitting on- 
to vhich various nozzles could be attached. The canister vas 
connected to a tank of dry nitrogen at high pressure. Valvlng vas 
accomplished by means of a long-handled, large-apertv^ svitch on 
the gas line. Straight tube nozzles varying in diameter and 
length were tested with this apparatus. Also tested vas a short 
contoured nozzle suggested by a consultant in fluid dynamics from 
Bovles Engineering Corporation, Silver Spring, Maryland. As pre- 
dicted by this consultant, it vas essential that the exit face of 
the nozzles be extremely flat, square, and have a shazp burr- free 
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ed«e Best results vere obtained vlth a tube l/8 Inch Ld. and 
Ijf incSfl^g. With this nozzle and 

about U50 p3i, the naximum range obtained ^J'^^f^'^'^^lL 
a w heavy ilst appeared extending several feet to the aide of 

the stream. 

Expertoentatlon vlth the hlgji pressure canister PfoJ»««^ 
very useful pieces of infonnation. Figure ^ •^<'*L'"^?«'!LS^" 
SSed by the Bowles consultant. Note that the effective range 
SS thrJug^x a aaxiaua as a faction of canister P«««««- .^^^ 
Slnt of diminishing returns, therefore, sets an upper "«^t 
Se useful pressures. Figure 2 illustrates ^l**'!^ f ^ "^^S, 
previously mentioned in the discussion of capsicum in mineral oil 
versus capsicum in water. Note that throughout the uselW. 
JSSSr^ ?ange the water trajectory is ^Jfa 
that for mineral oil. It is this difference which suggests a 
strong preference for the water-based agent . 

Ohese results indicated the advisability of 
separate feasibility tasks, one relating to the design of a gun 
andthe other involving optimization of nozzle performance. 

Figure 3 is an assembly drawing of a gun designed to illus- 
trate certain operating principles and is not p*Jended to 
represent a prototype or final model. Figure Ms a Jhftograji 
of the same gun. The reservoir in this ^«Pon has a v^ of 
160 cubic centimeters. Expanding gas is used as the 
projection energy. The gun can be charged either by puncturing 
nSSd C02 caSridge or by filling from a high P««~f ^5°^^* 
sa^^ a Snk of dry nitrogen. VaLvlng is ?««<»f f ^^.jf 
the trlMer which is linked to the nozTsle tube. A hole In the 
nozzifSS fs thereby aligned with the exit port of the reservoir. 
Se nozzle tube returns to its closed position by the «tion of a 
Srlng on which the compression can be biased to achieve variable 
burst lengths 

The principal results of experimentation with this gun are 
that an in-line mechanical action is shown to be desirable and 
that a valving action involving sliding throu^O-rlng seals is 
technically sound. A prototype can now be co°ft™«*«J^^^^f " 
poratmg these techniques but with greatly reduced size and weight. 
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IBTRODOCTZOH , 

This report summarizes a project, the objective of ^f<* 
establish the feasibility of disabling an individual monentarlly «t 
distances up to 30 feet by projecting a IKjuid stream of i^capacx- 
tating material. The action of the liquid shooLd be T^^^'^iJ,^* 
highly effective In disabling a person, the effects should be fully 
reversible vithin a reasonable amount of tine, but the reaction 
should last at least ten seconds. This latter reqjiirment is based 
on the assumption that other methods of control can be carried out 
vithin iTperiod of ten seconds. Because the operator of the weapon 
will not be protected against the effects of the liquid, the material 
should hav* a minimal tendency to diffVise. The projection weapon 
should be sufficiently small and lightweig^it so as to be easily 
carried by the operator, and aiming aids should be slngie and 
accurate. Sufficient liqiiid should be carried to permit at least 
five shots (bursts) and the weapon should not leak liquid at any 
time, even after firing. The weapon and the liquid should remain 
operable for a period of one month without maintenance and the per- 
foimance of the system should remain constant at ten^ratures frcni 
OPP to lOO^'F. Stream dispersion at the narinum range should be 
about 12 Inches in diameter. 

Formal reliability analysis is not treated in this paper but 
will be given prime consideration itoen the fabrication of a proto- 
type is undertaken. In the present context, the requirement for 
hi^ reliability is a prime criterion In the selection of 
alternatives. 

This paper treats separately the subjects of the disabling 
liquid and the weapon. The discussion of the weapon is further 
divided into a section relating to the housing and valvlng 
mechanisms (hereafter referred to as the gun) and another section 
dealing with nozzles. 



SOHHUCT 



Th^s investlgfttion V88 conducted to estaUlah the feasibility 
of BToJectlng to a distance of at least 30 feet a IKjuld 
uhl^ nould, on contact, Incapadta-.e a human momentarily. Of the 
various materials studied, capsicum oleoresln, a derivative or vea 
peRper, vas Judged to have the characteristics desired. A ffin vas 
designed acd fabricated to demonstrate the essential featws. 
necessary for properly housing and '"Ivlng the IKjuid a«ent . A 
nozzle has been achieved ^Ich penults projection of the llqjild to 
xwioes as great as UO feet irtth a dlspr^rslon of about 12 inch" f» 
diameter. With this nozzle misting Is minimized. i 
vUl be requited to combine these elements Into a prototype mooei. 
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Appendix A. A brief wmmary follows. 

Five agents vere used in both series of tests: 

1. 1511 Capsicum Oleoresin, 85* Mineral Oil. 

2. 7.5* Capsicum Oleoresin, 92.5* Mineral Oil. 

3. 100* Li^ Hlneral OU (for control). 

k. 50 VolTin^ Percent Ammonia Solirtlon,^^ 

Percent Water, plus one (l) milliliter Wtter 
Softener. 

q CaBsicum Tincture concentrated to approximately 
■ ^' S^JSSlcS, 85* Alcohol-Water Mixture, plus 

one (1) milliliter Water Softener. 

T.e medical tests involved pcuring -^J^^^Ie^vS^rely 
agents into the eyes «^ J^^^*^* thf^^bstances. Althoutfi 

iSurious damage vas P«^n^Xt!^f de^lSe^^here is no 
it is reported that cases of dijte^' ^JSiSftmiii, forcing the 
HCZ^sTX ^^l^t^on^^^^ Ta gross ;xaggeration of 
vftwt is likely to occur i»ith humans. 

motion pictures. This film is on ^ consistent vlth 

COWTDBBTIAL. The various ^eents produced res^ts^OT 

the <*-«^;'^«*^^,T1 di7nS%:s'ro" s 

indicates that agert Ho. 5 see ^eolte are sub- 

effectively as agents Ho. ^-J* T^^JiJS^e viev of the 

tiveness from agents Ho. 1 or Ho. z. 

Capsicum in either mineral oil or vater is '^^^JJ/^^J^jS^' 
to be Sr^Tarly ideal for the i^^^^f ^JT^hrej^ in^^^eJ^o 
UmitatiS is that this substance ""f ^'^^f ^^^^JS'teS los. 
produce maximum effects; the nose and mouth are affected zo 
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limited extent. Hoover, ^en the eyes «e oLTcS 

?r«SS SeBe e««n ^tor Beve«a minutes (typically 
in seeing. ^^ch all discomfort disappears. 

teet any remolnixig Irritation. 

The tvo parameters for iftiich the oil and the «iter vehi^es 

described more fully later. 

CS is a aubrtance similar to tear 6»s and is usuaUy used in 
its afros^l form. It is Po^J^^-^ ^!^nUv:n2s!'^SS::^rat 

these ^P^^^t^V^hi'ls'^'S oHJS^ Jo^rtaln 

Port Detrick warned that CS maj oe raiax or «aui»e o 

infants and predisposed or elderly people. 

The principal objection to ammonia •ol«t^<»^ 
prodtt« sSiSSs^JurJ vith sufficient f««p»ncy to be inappro- 
priate in the present context. 

nr- R STjenser of the Department of Agriculture has done 

Ter ^r^iSlyTnS STsiS ^2^^ Se ~Mect^ ^ 
JS^iy^ rffect humans in any vay. At very short ranges per- 
manent eye damage is a possibUity. 

Based on these considerations it has been concluded that 

of delivering the agent to the eyes. 




20 25 30 

RANGE DISTANCE IN FEET 



Fig. I^Rdmionship of Pr«f •Mr# and Dittonc* for Woximum Rango 
Conittor 2A 
1/B'* Nozzio - 6" Long 
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NOZZLE 



Ciex« Here indications that significant iatprovwaent in^ strem 
charactepirtlcs could te achieved by a mow detailed •nalysle and 
design of the nozzle. ConseqMentiy, a subcontract let to the 
BovlS Engineering Corporation, Silver Spring, "•'^land, a COWV 
specializing in fluid dynanics. A detailed summary of their wric 
irat Appendix B. A brief summary of the work conducted and 
results obtained by Bowles follows. 

The stream characteristics which are the object of this en- 
deavor Involve a smooth, uniform, coherent flow. Lacking these 
qualities a stream tends to break into droplets itolch Mcperlence 
increased air resistance and therefore cannot be PfoJ®'^®!.*^ 
maxlwm ranges. Break-up of the stream also results in transverse 
velocities causing misting. 

There exist several theoretical treatments of fluid 
throu^ reducing sections. These theories were reviewed and their 
applicability to the present problem established, resulting in a 
nozzle profile as illustrated in Figure 5. The reason for using 
this contour is to achieve a uniform flow with a mlnlnum of 
verse velocity. The nozzle used in the experiments to ^ /^'f 
was fabricated with this contour. It is a stringent requirement 
that the surface of the nozzle be extremely smooth and great care 
has been exercised to satisfy this requirement. 

A stream will tend to break up if there exist 'Oftef 
or if there are centers of turbulence. In order to stral^ten the 
flow (i.e., to eliminate vortices) vanes in the form of V^r^l 
tiibes fiU an approach section to the nozzle. Centers of tnrutt- 
lence are eliminated by preceding the nozzle ^^th a series of 
screens selected for optlfflum mesh and minimum solidity. An eaqpen- 
oental apparatus was constructed using a double-reduction nozzle 
preceded by stral^itenlng vanes and screens. Pijpae 6 is « 
diagram of this device inserted in a hi^i pressure pipe. A iboto- 
graph of the experimental apparatus is shown in Pi©ire 7. ror 
caroarison purposes, a l/8 inch i.d. tube six inches in length 
was^tached to the same system. This tubular nozzle was one 
itoich produced best results in the earlier V^*^..^ 
the hlA pressure canister. Tests with this assembljr consistently 
showed that the new nozzle achieved a 30 to 50 Vt^^J^"""^^ 
in range and a significant decrease in misting. Observations were 
made at pressures up to about 500 psi. Hl^i speed ^otograifas of 
the streamiB from the two nozzles appear in Appendix B. 
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Fig. 6— Exp«rlm«nfal NoxxU App«ii«t«« 
PiMl AaMmWy with On« ol SiraighMnin* 
Tub** wi4 a Spacing Se»»«o». 
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Fig. 7— Phologroph of the Exporimentd Nozzle Apporotus 
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feet «id diopersions of •^roxl-at^y 12^n^ej^;^^ 

ro.srtrLS«s^rrJs;r^^ ----- 



C(HICISSI(»IS 



This feasibility project hw ° ^J^^d, 
that a !£ ^sSi^^fi?^^^ 

*'?5f'ro? ?ri?S?d fn «S d^Slled de criteria 

™ BrH: r^T»*rh sho^d 

various elenents zo do ^*^t~. ^ « Annearance and oper- 

very closely resemble a production model in appearance « 

ating characteristics. 

This project i«s directed at de«onstr«ting the fe«lblUty 

^ich i«uld require a 8«««^«' ^"f "J^Jv!^,?^^ ^rT^ 

could be selected by the operator. 
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X^SCBIFnON OF LABOBATOBOT USE TBSTdG 



MAIERIALS 

Five test eolutlons vere used and identified as follows: 

1, 15^1 Capsicum Oleoresln, B3i Mineral <M.l. 

a. 7.55t Capsicum Oleoresln, 92.5% Mineral oU. 

3. lOOjt Ll^t Mineral Oil (for control). 

U. 50 Volume Percent Amnonia Solution, 50 Volume Percent 

Water, plus one (l) milliliter of Water Softener, 
5. Capsicum Tincture concentrated to approximately 15^ 

Capsicum, 85^t Alcohol -Water Mixture, plus one (l) 

milliliter of Water Softener. 



LABORATORY TESTING 



Method 

Ocular doses of 0.05 and 1.10 ml and Intratracheal doses of 
1.10 ml and 0.50 ml of each of the five test solutions, were ad- 
ministered to mongrel dogs. One animal each received a dose of 
either 0.05 ml in one eye and 0.10 ml intratracheally or 0.10 ml 
in one eye and 0.50 ml Intratracheally of each test solution. 
Undiluted solutions were used throughout. 

Ocular administrations vere performed by dropping the solutions 
into the sack formed by the lover eyelid. The eyes yeie not vashed 
at any time after dosing. 

Intratracheal administrations were performed by puncturing the 
trachea below the larynx with a hypodermic needle and injecting the 
solutions directly into the respiratory tree. 

All animcLLs were observed for at least ten days post dosing for 
any gross signs of effect. Gross and microscopic pathological 
examinations were then perfoxmed. 



Results 

Of the five solutions tested, none produced eye effects at 
either 0.05 ml or 0.1 ml doses which persisted as long as forty- 
el^t hours. Gross pathological examinations of the eyes were 
negative in all cases. 
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^ ^ ^ o and ^ produced gross 

effectfat both ^oselevels ^Ich perslrtea ^^^^ 
Sours; Solution 5 P"J;« . Solution 3 produced no 
«iated for less than twenty-rour indicated lung damage, 

!4!Ss! Gross pathological «»«»i^f/!^!j^g loses of 0.10 ml and 
^ImJ compound oeJ^^^^S^eS ^^SSnia vas reported in 
0.50 ml of Solution 1. ^on^d inwce ^ ^^^^^ 
S^e sSimal receiving 0.50 "^^^.^ol^Jon^a^ ^ceiving 0.10 ml was 
inLal tested at this dose le^l- ^".^^Sects. Pneumonia, possibly 
:^ected. solution 3 produced no^f*eets^^^^ 

Compound induced ^li^^^^cSving 0.10 ml. Pneumonia 

ISSlon hut not in ?^ol?«aof Solution 5. This animal 

tScSd^eited at this dose level. 

Bepeat testing vas Perfo««d^vith^olu^^^^^^^^ 
^ le^fdue to loss of *;«^S^3,V,S1ie o!o5 - 0.10 ml level 
kennel. Solution 5 '^^^'^f ^J^^ hSh animals had been grossly 
and the 0.10 - 0.50 »1 j;*^' l^d ?he f act that the animal re- 
diaanosed as having distemper " post dosing and 

^^Z t^ °-°5-0.10 dosage f^«/^^2vS?tS 0.10-0.50 ml 
S»"ca?SlS:^ni:! » compound in*.ced. 
These test results are sumnari^d in Table A-l. 



XjsB TBSTDKj 
Hsthod 



;..se^nt to the laboratory tests described above, each s61u- 
tion ^s'tSfd against aggressive dogs. 

pr^or to aaminist^tion of^ te^-^-t^^^^^^^^ 

pivoted to the P^^^f^^J^rt^i^^Stof via directed at the -ilm^'s 
of 10 milliliters of *^«*«^x*ri; rhToodermic syringe or a vater 
he J (in the form of a ^^J^'^^^VtST^ere thS^recorded. 
pistol. ,«^!f-:,*SSoS^d':jrSlition 3 "Sf^Sfsure 
S^sid^Uth 77re^^^n disx«rsed as an aerosol from a pressure 
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Results 



Hone of the five solutions produced effects itolch could be con- 
sidered to be incapacitating or debilitating to the iegvee that the 
dogs wuld not attack. Of the four solutions, numbers pro- 
duced the most severe irritation but their duration of action was 
too short to si»iificantly reduce aggressiveness. 

Animals dosed vith the aerosol preparation \iere markedly 
effected". One of tw dogs tested against this device co«l*^^ 
approached for 2 minutes after dosing, after Khich time he again be- 
eZs aggressive but vould shy when shown the spray can. The second 
dog an extremely vicious animal, althouj^i severely irritated by the 
spray, could not be approached Imnedlately after dosing. 

Twenty-four hours after dosing all test animals appeared feoee- 
ly normal. A summary of these observations is shown in Table A-2. 

The results of pathological examinations performed on the 
animals used for these tests will be reported in the final project 
report with the microscopic pathological examinatiwis of tissues 
from those animals receiving ocular and intratracheal doses. 

SiitiminTnr of Toxicity Determinations 

None of the compounds tested produced ocular effects at doses 
of either 0.05 ml or 0.10 ml 'Which persisted longer than US hours. 
Ho permanent eye damage was detected by gross pathological 
examination. 

Gross sisis of lung damage apprared after intratracheal ad- 
ministration of the Capsicum-mineral oil. Capsicum-tincture, and 
ammonia-water solutions. The compounds mi^t have been a pre- 
disposing factor. Mortalities were produced in both animals 
receiving the 0.05-0.10 ml doses of Capsicum tincture and kidney 
damage was reported In the repeat animal. Li^t mineral oil pro- 
duced no effect. 

Applications of compounds in the forms described under use 
testing produced only transitory effects ^ich disappeared com- 
pletely in less than twenty-four hours. 
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APEBHDIX B 

BiniD MHAMICS OP PROJBCTIHG A JE!T OP M^JID 

INTRODUCTION 

The Bowles Engineering Corporation studied the fluid dyjunice 
of projecting a pulse of liquid from location A to location B. 
As general objectives, it i«s desired that: 

The distwice A-B should he 30-^0 feet. 

The Jet dispersion noiwal to tra.1ectory at location B 
should be of the order of 12 inches. 

The pulse should contain approximately 1 cc of liqjiid. 

It should be feasible to generate a train of pulses. 

The contribution of Bowles Bnglneenng Corporation was to 
furnish guidance ^Ich would help establish the design parameters 
and feasibility of these objectives. 

nrEEBRAL lUJID TBANSEER 

This portion of the problem covers transfer of fluid from a 
reservoir to a nozzle. 

Gas - Liquid Interfaces 

One method of driving liquid is with • P««~f^* * " 
this is accomplished under conditions herein the ^ 
velocity 16 Sw, then the gravitation fteld 1b »deq^e to keep 
the gas from causing severe mixing problems ^«",*j!rSL Jnder 
soluble in the liquid. (For example, a CO2 - HgO interface under 
jSssSe Will result in carbonated water which v^ll «i«»«f . 
bubbles as the mixture flows through the nozzle. resulting 
Jet will change to spray at a reduced range ^^o^F^J *° a 
ious liquid Jet due to transverse velocity P^'Jf ^5^?^^i^f^** 
by the release of COg bubbles.) If the gas - ^'^^ jj. 

Se Sailing surface of the liquid column is ^^'J^'.^^S^^'lSSt ' 
then a dramatic and severe disturbance of the liquid volume l"*e6- 

SccS^ The gas volume penetrates the interface center for^ng 
fSuow liquid cylinder. Subsequently, the 
entrains liquid from the surrounding li-J^^^* ^y^l'^f «J ' 
instabilities within the liquid cylinder; the instabilities grov 
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and a gas - liquid mix la created *lch MiXL eject from the no««le 
as a fine ini8"t» 

Presence of a gas interface at the leading 
lloaldcolumn also results in severe distortion. Wall 
thfieriSS of the leading surface to lag the center Portion and 
SJtSji^Si^ess of the leading portion of the Jet. -dditlon, 
If the^ssaS^is locally lotted by surface droplet8,^then those 
i^oSetf^U gJSerate ^structive instahilitiea in the leading 
portion of li<mid flow and so destroy Jet integrity. 

Thus it is Ijnportant that the internal passages of the weapon 
he fl^SS'eiti^lTSth liquid and that the "fi?,^J^^3'^^S?/ 
by Tliquid-solid interface or by a low ^loc"y ^^<lf 
See JiSein the gas has a low tendency to dissolve in or combine 
nith the liquid. 

Straightening Vanes 

now aiwmd obstructions or bends in the «-«>^ 
IntroSlS tS^ence, vortices, and non-uniform velocity profiles. 
^S^^nSty i^ detrimental to the Jet performance. 

Stralflbtening vanes are useful in reducing the amplitude and 
scale ofiS^rSzTSigh amplitude vortices, eddies, turbulences, 
and misaligned flow conditions. 

Straightening vanes of slim design should ^e used, to KACA 
6^-* 018 nroflle is a good one to use. However, sheet stock with 
rSSed iHdS edgj Snd symmetrically sharpened trailing edge 
SS?f 1^ SdeSiSf The >^chord should be no less than twice 
JhrvLTsS^ion. Two sets of vanes with a gap «P»"*i°« 
^ «d^^ any screens is recommended. The gap should be no 
less than twice the vane chord length. 



Screens 



The function of the screening is to provide a low t«f^«°!^^^ 
level mdl!S«llel, uniform flow of the fluid to the noz^de entrance. 

The screen solidity is the projected wire area (shadow) per 
unit S tSS ir^Jected area when viewed in a direction uormal to 
SVL^ of tSric^en. If the solidity is hi^, the screen can 
SrSuce turbulence rather than provide the ^^^J^J^^r^fJ^^J^^f 
We were able to obtain a stainless steel screen ^"^ff^^o^J"^"^ 
Jhelrtefol 0.3. This was felt to be acceptable, althou^ 0.2 was 
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«l»r tbm •lo»« this noiMl JM, ^^irtmce P«r 

in the normal dixectlon. 

portions. B» screens tend to: 

Even out the flow velocity distribution. 

Ifake the flow direction noiraal to the plane of the screen. 

Seduce turbulence level* 

Reduce turbulence scale, i.e., size. 

beat screening combination tested consisted of five layers 

havii^loOO «To?.003" "-i- ^3^? n^eTw^^^^ 
of lower solidity screen and more layers of screen touj. v 

an iaprovenent . 

Additional screen sections had negligible effect in our test 
setup due to excessive screen solidity. 

Bte^r screen sections provided a noticeable increase in Jet 
surface turbulence. 

Z ^^^^ 

Surface Finldh 

k and 8 microlnch finish • 

Ve believe that a U mlcroinch surfWe finish would be a worth- 
iteUe objective for a production model. 
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The bWective of this nozzle design is a unifom P»«JJ«j J**. 
haying smJS surface and zero vorticlty. Such a Jet vill travel 
a mfiy l™" dls'tance • 

Turbulence and vortices have associate ^loclty c«^ne^s 
uon-ito the direction of Jet motion. Once f .f * 

th^r^lB no solid houndary to limit the associated li<iuid displace- 
J^s ISd^e of tiTactl^ns result. If these 

^S^cS^tS large, they .dll cause J^AJir^'^txJe Sr 
Rfl a auray. If these disturbances are small, they wiU. cause xne 

%t\Se to become vavy. It is a <=^'^«^'^;%f 

Sov that pressure distributions vill be developed by the "t^i 

S?Ion of the surrounding air vhich vill cause 

Stions to grov and be amplified. As the Perturbations 

iSal liquidjet is no lonijer following and shielded by the pre- 

cSSg Portions of the Jet. Consequently, there is an increased 

SJaTLfSe Jet is further distorted. This distortion causes a 

J^kiS of the liquid to an extent that surface te'^-lo" 

5S tS s^e-ent. Sese segments then form into drops. As the drops 

iStterrSey encounter "slover" air and disperse farther to the 

Bide and break into smaller droplets. 

The approach to nozzle design Is to: 

Provide straightening vanes to remove large scale 
vortices and eddies in the approaching flow. 

Provide scpeeiBto improve uniformity of the velocity 
profile of the approaching flow and remove small 
scale t\irbalence. 

Provide a nozzle profile which will accelerate the 
fluid from a slow uniform parallel flow to a fast 
tinlform parsJ-lel flow. 

Provide a sharp exit and a smooth surface finish to 
minimize Jet surface displacement perturtations. 

the straiehxening vanes, screens, and surface finish have been 
dlscu^ed^f noz^ profiie design, nozzle size «»d nozzle tests 
will foUow. 
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Hoggle Profile Design 

pnesloo for the •wloclty 1*"*^^ "i°°^™ioolty eononenta 

r^';:trsT/«srr.st:tC*^^{-"", ^s^-ss.., 

yield the stream function. 

the velocity coaponent normal to the biIs i»uld 

vhere within the nozzle, and zero at *n«^ sectiouo 
SSSe a uniform velocity distribotion «t the exit. 

Truncation of the series gives • J«i!«"y ^^Jlli^thf * 
is nottruly uniform, which is «PP»«°5 , *^!i*SV'^e 
iLiB at th; exit section are not PJ^Jjii^f ^^^J; ioiiS^ations 
nozzle shown is t^^^Ses Uo^s SrS^t to order to throve 
vith a more ecmplete series -o-ale width from the 

the exit section flow pattern, the b^-^ wf thrllope at the 

ris :s re?tis.-jhS^£^^^^^^ 
^^'^sM :re'S:'n::;:t*a! 

Wtes, B . "On the Design of contractions for Wind Tunnels," 
A R. C B&M #2278, March, 19*6. 

Shim* A -Method to get Profile of Hozzle with ^^J^^^^^;*^ 
SS?ihi;ion**2o^ HozSe W^ei^rt 2" BeP. Inst. Hig»». Sp. 
Sfech. Japan, Vol. (1962/1963), Pages 135/152. 
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Fig. B-1— 3-D, PetMtial, No B. L. Corr«c»i«n 



0 

0.130 
0.249 
0.343 
0.412 
0.514 
0.S94 
0.«67 
0.750 
0.814 
0.875 
1.000 



0.1115 
0.1165 
0.1274 
0.1430 
0.1591 
0.1914 
0.2230 
0.2550 
0.2875 
0.30X 
0.3120 
0.3190 
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the method of Shiina tod^^^^ cixrled out to the point 

nhere they became impossible to calculate vith a desk calculator. 
Without the aid of a cpaqputer, the coowarison could not be made 
further. 

The above axially symmetric nozzle design is shorn by 
Figure B-2 and is the design proposed and tested. 

Samgple Calculation 

In solving the differential eqiuation for velocity potential 
and appropriately differentiating, Thvaites finds the velocity 
component to be 



This gives 



««a4- S aB(€ospx)Io(pr) 



(1) 



(2) 



To satisfy the restriction of a monotonlcally velocity on 
the boundary, nust be chosen such that 

— B(l*co.x)'-* B>0 (3) 

Baqpandlng and equating eqiuation 2 & 3 glws, for W - 3* 

Io(l)ai4^ 4a2lo(2) co«x* 3«, 1^(3) (4 cm' - B( 1+2 cm x + co«' x) 

Hence, by equating coefficient, 

«|lo("-3>3lo(3) 4«aio(2) _ 12«slo(3) _ ^ 



on taking a| - 1, 



Then from the solution for the stream function iftilch «as 
derived. 
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can be found, and then from (U), ^ on t»»^^»5y f " 
fo«nd "J!tSr;.^* ). NOW the ordlnates of thl. bounding 

streaallne can be found from 

The constants coimMted nere; 



•2 = 0.22216 



*3 



0.01729 



a^ » l.uWl 
^* s 0.1>«6lU 

Using the constants (equation 7) in equation 6, r vs x can be 
found for the bounding streamline (Figure B-1). 

Rozzle 3ize 

One of the requirements for this nozzle «as a J**^^" 
ameteS For large? Jets, a higji surface tension tends to .educe 

mirf ace nerturbat ions. However, in small Jet sizes, the 
SSicrJe^IcTSi^ tends to break the Jet into Particles ^ich 
^e^ntly become ajtoerical. This is shown by the Jet itooto- 
graphs of this report. 

The nozzle tested had an exit intemal diameter of .137 inches. 
We record that the final diameter selected be as large as is 
feaSSnS in no event less than .025 Inch diameter. Smaller 
S«8 wJllboth reduce Jet r«ige and requite more stringent fabri- 



I I cation tolerances. 
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Ho»gle Testa - . . 

Test A pparatus . Plgure B-3 shows the general system used for 
tests eoiducted. Water from the city mains vas used as a supply, 
ttaxlmum consistent pressure attainable at the test apparatus was 
25 pslg. This provided steady state long duration tests to examine 
details of the Jet structure. 

The configuration was also used for tests at pressures above 
100 pslg. In these tests the pistol assembly was first chared 
with water. Subsequently, high pressure air was applied, instead 
of city water pressure, and provided short duration tests a 
pressures up to 700 pslg. The pistol assembly Is suitable for 
tests at hi^er pressures as it is constructed of 3000 psi pipe. 

Pigore B-H illustretes an alternate arrangement used in a 
subsequent test. The tank was first filled with water. Bext, the 
quick opening valve was opened and the con^ressed air entered the 
tank to provide steady static pressure over the range of 1 to 
78 pslg. 

Figure B-5 is a cross sectional view of the pistol assembly 
of Figures B-3 and B-2. 

A copper flow pipe separated the liquid supplied to the "old" 
or reference nozzle from the liquid supplied to the new nozzle. 
Thus, the pressure loss of stral^tenlng vanes and screens associ- 
ated with the new nozzle did not effect flow to the old nozzle. 
Figure B-5 shows only one set of straightening vanes preceded and 
folloved by a spacer and a heavy duty screen. Five fine screens 
are shown followed by a large contraction followed by a small 
contraction. Each of these contractions provided a potential flow 
area reduction of 5:1* 

The old nozzle was a 6" length of .125" ID brass tube reamed 
to .127" ID with a hifiji internal polish. This was used to pro- 
vide a reference Jet. 

Due to assembly problems, the old nozzle exit was six inches 
downstream of the new nozzle exit. Consequently, two scales are 
given in each Jet coaqparison photograph. Each scale represents 
distance from the nozzle exit for the associated Jet. 

Figure B-6 presents' the flow, stralfijitentng vane assembly used 
for most of the tests. Three sets of straightening vanes are 
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Fig. B-3 
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Fig. B-4 
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KJOZZLE 

exiT 



LAB^e C0MT1£ACTiO»A 



Fifl. B-S-Pittcl A.»mbly WiA On. S«t of Slroiflhtwicifl Tub.* 
and 2 Spacing ScroMt 




pxovided rather thaa a single set as Illustrated in Fl©ire 

The large contraction and snail contraction fitted snugly within 

the copper flow tube donnstream end at assembly. 

Use of circular rather than pie-shaped sections left some 
residual vorticity in the flow; however, tests did not indicate 
it was the source of Jet nutation lAiich persisted to the final 
tests. 

To evaluate effectiveness of the straigjitening vanes, tests 
were conducted wherein the straifijitening vanes were removed and 
stagnant water was driven toward the nozzle hy a piston* There 
was no discernible difference between the photograihs of Jets 
supplied by this flow and that of flow controlled by strei^tening 
vanes. 



Test Series A. Figure B-7 compares the Jet of the old 
Nozzle A and the new Nozzle B. Note the new nozzle Jet is 
pictured at a location six inches farther from its nozzle exit 
than for the old nozzle Jet, hence, the two distance scales. 
Also, the photographs are such that the Jets are 1:1 scale. The 
tape measure is at a greater distance from the camere and so is 
at a reduced scale and esdiibits parallax. 

It is apparent that the new Jet is significantly better than 
the "old" or reference Jet. The old Jet has started to sefipnent 
at a range of one foot fo\ir inches, while the new Jet is still 
continuous at the last observed point, - 3". Tbe new Jet is, 
however, nutating about its centerllne as if the nozzle was being 
swe^t around a circle concentric with the nozzle centerline pro- 
viding a conical surface having an apex semi angle of 1^ radia: 

Note how the segnjents of the old Jet try to fora siiierical 
shapes at 2' - 6" but start to break up into smaUer globes at 
ranges over 3' due to increased air resistance encountered as 
their displacement from the Jet centerline increases. 
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Basic data for this teat foUowBt 

Hozzle "A" l-S? - .127 I.D. Tul)e(Heference) 

v^T^l "B" ~ - Double Contraction nozzle 

Hozzle B .ijrBxltI.D. (fev) 

SuEply PresBUTB — — — — — — 25 PSIO 

_. screens ?pBtre« — — 3 - 50 x 50 Ifesh, .003 Wre 

Spacer Screens —————— 2 

Strai^tenlng Ta"bes — 3 sets 

Biotograih Time 2 Micro Seconds 

Te st Series B . Figure B-8 shows the Improvement provided by 
increasing the number of fine r^fto 
data constant as In Test Series A. There Is a sll^ decrease in 
the Jet spread at greater ranges. 

Test Se ries C . Figure B-9 shows the effect of changing the 
fine ^cSens from 5 0 x fbLsh, .003" ^,'«-T«?'^5-°SSiir 
solidity 0.30), to screen having 30 x 30 nesh of ^0065 
wire (compJative solidity 0.39). Other data constant as In 
Test Series A. 

The hltfier solidity screen slightly Increases the nutaklon 
angle burst aiiiplltude« 

screen comparative solidity of .2 was 
Bcnen would have been a special order and could ™^ 
the available time scale. Such lower solidity «ay be able to 
provide the next Improvement In Jet characteristics. 

Test Series D . Figure B-10 differs from the 
that only one set o f stral^tenlng vanes and two sets of spacer 
screens were used. 

The spacer screens have a comparative solidity of .552. ^ 
Wille these tests were primarily to evaluate the •»*»^*«°*^ 
vanes again, the two hl^ solidity screens were removed and 
achieved an improvement in natation angle f*'*'^?® th« 

the ground lost In going from a solidity of 0.30 to 0.39 In the 
fine screens. 



37 



note that m all of Jthe preceding ^'-^ 

■test Series E . Plgaies B-11 and B-12 cow* the reference and 
nev nozzle jets at pressures from 17 pslg to 50 psig. 

A* «,«.<mT«a Above 25 psig. the nutation an^ltude increases 
^^y.^^y ^s J^'^e Stitlon vave lengf.h also increased vith 
fn^nSS^tSJni-eSion. This further indicates problems 
LsSla?^Sth screen solidity but is not conclusive. 

Photograitos using a tdrror to get slinultaneous top and side 
vievs >oJ5^the nutating nature of the Jet profile. 

Other Tests . At high pressure the Jet "Jf^* 
exea ses. Ifean dr oplet size decreases as pressure 
::rS;plS^lze decreases as the dx^plets come c«t from^hlnd 
•Srshield provided by the liquid, 'Alch remains on the Jet- 
centerline. 

The nev nozzle perfonmmce vas signl«.cantly better than the 
old noztlfJeSormanS at all pressures tested. The improvement 
ScaS S^^SJ™ more noticeable vith increasing Presfure 
2o^2nS up to about UOO psig. W higher pressures things 
became very foggy. 

Conclusions 

The new jet represents a major Improvement over the old Jet. 
Surface finish of four microinch quality is needed. 
The Jet is a good one but it nutates at a small angle «t 
about 1500 cps. 

If this nutation caa be eliminated, another major improve- 
ment can be provided. 

There is evidence to support the hypothesis that the fine 

aJTSe source of the nutation perturbation and 
?hS^hinffect can be reduced by change of the fine screen 
S^fi^f TS design Change would include • 
sere^ solidity from the test value of .3 to the orlgnal 
J^St of .2. 8u«fli screens are special order items 

but are available. 

ltap«,vements in useful range of *<»*50j^overtbose pro- 
vided by the reference nozzle were achieved during th.s 
progranL. 
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JBP HflERBDPnOII 

« initially promised to provide a w to conserve 

nethod utlliKd Jet Interaction. 

a« presented for future reference. 

Piilae Duration 

I^t us make a siinplil^ed analysis to establish the puls^ 

length. 

Assumptions: 

Range = R = ft 
Allovable drop = S = 1 ft 

Then the liquid flight time r in a vacuum Is: 

r - xTlT 
8 

« .25 sec. 

The corresponding Jet velocity v is 

R 

" - T 

= i60 fps 

Assunpt ions : 

Nozzle diameter = d = .125" 

Liquid Volume = V = 1 cc g 

The nozzle Are = A = .OT95 cm „ 

Se length of the Blug = f =12.57 cm 

The velocity i; = l60 fps = U872 cm/sec 



The pulse duretlon « t f^-:»c:^'i^--' ■ 

t » 12.57/'»872 

« 2.58 nllliseeonds 

This la rather short for conventional hydraulic devices. 
Mechanical Pulae Generators 

We exMnined tvo means of generating the flx^d pulses via 
mechanical controls* 

Spool Va lve Mechanical Pulse Generation . Figures B-13 and 
B-lU shov one arrangement using tvo spool valves as an oscillator. 
This WIS assembled to exsmine the characteristics of mechanical 
pulse generation. 

The assembly vas tested using lA" polyflow tubing connec- 
tions (vhich ate sufficiently flexible to present a capacitance 
effect) and pressures in the range from kO psig to 80 psig. 
Oscillation frequency was adjusted by restricting ven {x). as 
a mechanical trigger mechanism vas not included in the test set - 
IprSrieft spoS valve vas opened partially, the air vas turned 

on slowly, end oscillation was initiated by opening vent W 

«p?dS. At hleJier frequencies, vent (y) was opened siimiltaneousl: 
with vent (x). 

The frequency was varied between 10 pps and kO pps by adjust- 
ment of vent (x). The freqjiency could also bt varied by change 
of the supply air pressure. 

The spool valves utilized provided only a 50* duty cycle on 
the water port open or close cycle. However, suitable port and 
8TO0I arrangements can be provided to achieve other duty cycles 
ardeslied. Other modifications are also feasible such as having 
the open port condition occur during the highest spocl velocity 
and thus supply two pulses per spool cycle. 

Perforated Piston Mechanical Pulse Generation. The device 
shown' -in Figures B-i^ and B-lt was designed to manually generate 
a succession of discrete water slugs. The ^y^^^-fj!* 
baslcaUy of two concentric tubes having a sliding fit. The 
inner tube carried a 1/16" nozzle on one end and was P^vlded 
with ten 1/8" diameter holes in the tube waJ., all in line «nd 
equally spaced on 3/8" centers. The inner tube was keyed to the 
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Fig. B-13— SchwiMitie of Two Spool 
Mochonical PuIm G««orotor 




F19. B-U-Photogroph of Two Spool Mechonieol PoUo Gonorotor 



outer tube to preclude rotation of the Inner tube as " »o-»«din 
sTaxlal direction. The ten holes in passing successivelT past 
fs^ portln the outer stationary tube produced a series of 
l^fSuSr Se assembly «is tested atvarlous v«ter suh^ 
™»«™rMnfflnK from 20 to 60 pslg. Translation of the innter 
iSrted. The'^unlt produced discrete . 
SSsTb^SSed^^rtoboscoplc lighting); ho%»ever, in the crude 

tertS did not provide either defined or unlfom 
!Sb The'latternas jJlnarUy attributed to the inability to 
SZily^St^S ^nSJiTtrSslation of the lnn*r tube. Ihcreased 
SJ^J'jrjnSri^ieased the range of the vater f-^^^^f 
!*^rtlon«te deRTadation of the water slug parcels. The nozzle 
S;S2J^?hJ;fJeSs^ not the final configuration >ut ^ 
rnikHiiift model ^ich could be provided qpilckly. 
Jflhese tests ^ to examine a mechanical pulse generation 
technic. 

An Babodimsnt 

Pigure B-17 illustrates one possible simple f~"*^ ^^'^ 
"ngln a ieapon. The perforated piston is used to provide 



foregoing in 
a setjuence of x^^es 



of the design features not covered by the sketch are: 

A mechanism to pennlt release of the pulses on an 
individual basis rather than as a train of puses. 

Means to insure that the nozzle ""^^Ijf^^'*' 
ll<mid until the first pulse Is fired and between 
Individual pulses. 

Jet Interection Pulse Generation 

A let can be clearly chopped into pulses by interactlm of a 
seconi jS.^rs approach aUow initiation of J f »f i<» 

Sthin the weapon, release a Jet slug, and cessation of Jet 
motion within the weapon. 
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3ize OP e^c^peMeNT o^f^ice. 



Fig. B-17-.Sqcirt Gun 
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flguTOS B-18 throuA B-23 Is a hi* speed notion picture 
sequence consisting of kk franes. Prames 1 throu* 0 show 
Initiation of the first Jet. In fniaes 9 and through 16, one can 
observe growth of the hluat head of the slug as aerodynamic drag 
peels back the Initial llqpUd front and It Is overtaken by the 
following liquid. Frames 17 throu* 2k show Initiation of the 
second Jet «hlch Is directed from two o'clock towards the first 
Jet. Frames 25 throu* 32 show the second Jet approaching Inter- 
iectlon with the first Jet. Frames 33 throu^ ^^0 J^®'^' . 
xwptlon of the first Jet and the character of its trailing seffnent, 
There rtiould be no dribble associated with such a shut-off system. 
Franes Ul thxwi* Uk show how con^etely this interruption can be 
maintained and the conibined Jets deflected into a catcher within 
the weapon for return to the charging chamber without leakage. 
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Fig. B*18 
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Fig. B-22 
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JBT SSSAELLiTX 

After careful review of the texts and reports available^ It 
is clear that there Is no universal agreenent as to the exact 
mechanisms of Jet instability* 

The following summarizes the Jet breakup process in a fashion 
that more or less presents a concensus of the various opinions. 

Jet flow (liq:uid into air) arrives with some degree of 
residual turbulence. Th,±a turbulence can be considered to con- 
sist of two categories: Jet body turbulence and surfece turbu- 
lence. The wave length of this turbulence and the nature of the 
Jet determine the degree of asqplification of the disturbance. 
The ampllflcatlon and freqiuency character are defined by the ORR - 
Summerfeld equation. . 

If the disturbance is of a wave length that is amplified, 
then the most minute initial disturbance will eventually result 
in rou€^ edges along the Jet - air interface. These pertTirba- 
tions will grow \antil they are formed into spheres by the action 
of surface tension. At this time the Jet becomes a segmented 
series of droplets travelling with high velocity. 

The relative air velocity in the environment of these drop- 
lets presents a non-uniform flow profile. Just as a ping pong 
ball will be stabilized in an air Jet, these droplets are 
scattered by the inverse air Jet situation ^Ich they encounter 
upon moving away from the Jet centerllne throu^Ji the entrained 
air into a regime of stagnant air. Basic air resistance theory 
has shown that air resistance or drag does not play a significant 
role until the Jet stream becomes se^nented. 

All reports agree that the degree of initial turbulence is 
a parameter of the distance a Jet can be projected before breakup. 

From the Orr - Suzmnerfeld eqoiatlon a domain can be plotted 
where a disturbance signal is amplified (see pp 389-390 etc. of 
Schlichtlng). 

In Jet flow, the B can be taken as half the Jet width. 
a is defined as ^j^- when N is the disturbance wave length. 
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The ii8tu« of Jet flow is such that t^ere is J?J 
peiirti^ boundi^ velocity pxofUe. BilB««M 

teiSldB Humter Increases toward - , the unstable region is 
Beynoios numoei _ elmllar to the case of 

I^.105. 

Data on Jets show that N = kM Is ana^lfied the most. 



2ir 

. - « ■ 4.4a 

or If 



-i < « < 4 (The width of the estimate) 
4 2 

then 2n ^ * ^ IJL 

.75 < afi < 1.5 

,tolch shows that to correlate with other data, the mixing boundary 
of a Jet must be a small part of its diameter. 

Data from neutral stability curves show that « « gives the 

mnx itmnn anrpllficatlon. 

at the Jet. 

Disturbances originated within the nozzle or its JJProach 
aectiS are distorted by passage through the nozzle, ^re is 
™^nJ^^versy over the nature of this distortion. It would 
:j^ar S^SlisJurbances in the direction of flow are stretched 
Sue disturbances normal to the flow axe compressed in scale. 

As this design utilizes an axially symmetric 
flguratlon, the inlet velocity component a , and the outlet 
^elSty c^nent can be considered to be related by the 
areaa so that 

"2 
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Thus, a dl8tttrt«uace •* the uprtreMft «nd of the no««le iriLU 
be stretched in scale by a factor (|D* «t the «clt end of the 
noszle. ? , 

" lii a Bln^e contraction of the nozzle desitpa selected, the 
area twtio vas iwP««inately 8:1. Applying this to the dangerous 
critical i«ve lengths at the Jet of 3d to 9 d. the corresponding 
upstream critical vave lengths are 3.8 d to 9/8 d. Ih a double 
contraction nozzle of the type tested, the overall area ratio is 
6U:1 and the corresponding critical wave lengths arrs 3 « to 

9 d. ^^ 

9oT d « .137" the r critical ranges are 

3/8 d - .051U" sinple contraction 

9/8 d - .01^" 

3/6U d = ,009*" double contraction 

9/6Jf d » .0019" 

Unfortunately the only fine screen available not only had a 
solidity of .3 instead of the desired .2, but also . . 

size of .003" diameter ^ich introduced disturbances ^ich vouia 
be amplified in the Jet. The mesh scale of .020" vas outside of 
the critical regime. The Jet nutation observed is therefore 
attributed to the fine screen which ws used. A suitable screen 
can be fabricated but was not available within the time scale. 

Conclusions 

Screens and vanes must be used in conjunction with a good 
smooth nozzle design if one is to project the Jet a maa^mum 
distance. However, every effort must be made to P»^^ e*fy 
formation by these devices wherein the eddy size is within the 
critical wave lengths specified. Poor arrangements or 8»»afP 
comers will lead to an increase of turbulence and Jet instability. 

A large contraction ratio penaits low Beynolds Humberset the 
screen and vane locations; however, it does not provide sum- 
ciently low Reynolds Numbers to assure that no eddies will he 
formed, or that any eddies which are formed will be danped out. 
Therefore, one must design the flow strai^teners and screens 
such that the perturbaticm foimtion diameter is such that 1* 
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does not ftOl mthln the critical range of nave lengths* It Is 
important to stress that a roufiji nozzle of good contour is wich 
vorse than a poorly designed nozzle ^ich is very smooth. Ihe 
surface finish of the order of k microinches is most appropriate 
for the problem at hand* Additional inrprovemBnts can be 
achieved by tests incorporating the corrected screen design and 
an isiprovement in nozzle surface finish. 
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